
Fermilab FERMILAB-CONF-05-405-E  CDF SEPTEMBER 2005

CDF/PUB/EXOTIC/PUBLIC/7829

Searches for New Physics at Colliders
Giorgio Chiarelli for theCDFandD0 Collaboration

INFN Sezione di Pisa, Via F.Buonarroti 2, I-56127 Pisa

Abstract. In this paperI presentthe most recentresultsof the ongoingsearches,mainly from
TevatronCollider experiments,for new physicsbeyond the StandardModel. While no signalhas
beenseensofar, many analysesarereachingthepoint in whicheitheradiscoverywill takeplaceor
stronglimit on currentlypopulartheorieswill beset.
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INTRODUCTION

The standardmodel of elementaryparticlesand fundamentalinteractions(from now
on StandardModel or SM) hasbeenvery successfullto describethesubnuclearworld.
Given this succesone would wonderwhy shouldwe look at any theory beyond the
standardmodel(BSM) atall. Thereareseveraltheory oriented answersto thisquestion,
from the hyerarchyproblem to the stability of the Higgs sector, to the numberof
generations,just to namea few. In my view, however, most importantaresomehints
of openquestions.What is the natureof the Cold Dark Matter (now that we have an
indirect cosmologicalproof of its existence).Why neutrinoshave masses?Is therea
unificationof thecouplingconstantsbeforethePlanckscale?Finally, while theSM has
beensuccesfulwestill donothaveawayto marryquantumtheorywith gravity, let alone
to unify gravity with theotherinteractions.

An optimal placeto look for new phenomenais the energy frontier which, at the
moment,is exploredby theexperimentsH1 andZEUSat theHERA collider at DESY
nearHamburg [1], whereprotonandelectron(or positron)collide at

�
s � 320GeV/c2

andat theTevatron(experimentsCDF andD0) whereprotonandantiprotoncollide at
the highestenergy (1.96 TeV) currently available [2]. In the nearfuture that frontier
will be throughly explored by the LHC, currently being built at CERN. Most of the
resultspresentedwereobtainedat theTevatronwherethegoalof 1 fb � 1 deliveredper
experimentwasexceededin May 2005.Currentscenariospredictbetween4 and8 fb � 1

delivered(perexperiment)by 2009.
This explorationphysicsproceedsmainly throughcomparisonof datawith SM ex-

pectations.As New Physics (NP) is anything which is beyond the standardmodel,the
bestexperimentalway to look for it in amodelindependentway is to selectobservables
that canbe affectedby NP andthencomparemeasurementswith SM expectations.It
takesa lot of ingenuitybut it also implies that in thosesearcheswe will be studying
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FIGURE 1. Summaryof SM Higgssearchesat theTevatron.Summer2005.

familiar physicsobjects.Hadronicjets,chargedandneutralleptonsarethebasictool. 1

Throughthispaper, unlessotherwiseindicated,95% C.L. limits will bereported.

FROM THE STANDARD MODEL TO BEYOND

Although testedto a very goodaccuracy, the SM is incompleteas the Higgs particle,
a cornerstoneof the theory, hasnot beendiscovered.Thebestlimit for its mass,a free
parameterof the theory, MH � 114� 4 GeV 	 c2, is dueto the LEP experiments.At this
masstheHiggsdecaysinto two b quarksmostof thetime. At themomentthehunt for
Higgstakesplaceat theTevatron,wheremostof theproductioncrosssectionis via gg
fusion(σ 
 0 � 8pbattheLEPlimit). At low Higgsmasses(MH � 130� 140GeV/c2) the
signalis swampedby themuchlargerheavy flavour production.Fromanexperimental
pointof view, at low mass,theassociatedproductionof vectorboson(W or Z) to Higgs
(σ 
 0 � 2 � 0 � 1 pb)hasacleansignatureandabetterS/B ratio.

CDF andD0 searchedfor the SM Higgs in a large massrange,exploiting different
channels.The negative searchescanbe summarizedin a singleplot (seefig. 1) where
recentresultsobtainedwith 300 � 400pb� 1 areshown [4].

1 In thefollowing we will useMET for MissingTransverseEnergy.
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FIGURE 2. CDF limit for MSSM neutralHiggsA (positive µ case).

SUSY SEARCHES

Thescalarnatureof theHiggsparticlebringsitself sometechnicalproblemsto theSM.
Its massgets large correctionswhich must cancelout. Over the yearsthis problem
hasbeentackledin many ways,the mostpopularsolutionbeing the SuperSymmetry
(SUSY). The idea,borrowed from the particle-antiparticlesymmetry, is that thereis
shadow world of (super)particles.For any fermionascalarpartnerwouldexist,while for
eachspin0,1 particlea (s)fermionwould exist [3]. Clearly thesymmetryis broken,as
wedo not haveseenany sparticle.Thenatureof SUSYbreakingis unknown, andthere
areseveralpossiblescenarios.However, all of thempredictanenlargedHiggssector(the
singleHiggsdoubletof theSM is replacedby two).Also, in mostmodelstheassumption
is thatquantityR ���� 1� 3 � B � L ��� 2s is conserved.That implies that in thefinal statethe
lightest supersymmetricparticle (LSP) will escapedetectionleaving a typical ν -like
signatureof missingenergy. SUSYis stronglyconstrainedby the(negative)findingsof
theLEPexperiments.Massesof thesparticlearelargethereforecurrently, thebestplace
to look for SUSY is theTevatronwheretypical crosssectionsareO  1� pb. Due to the
unknown natureof thesymmetrybreakingmechanism,theanalysesare(mostly)aimed
to specificchannels/breakingmechanisms.

MSSM Higgs

In theminimal supersymmetricmodel(MSSM), Higgsproductioncanbeenhanced,
with respectto theSM case,for largetanβ (wheretanβ is theratioof thev.e.vof thetwo
Higgsdoublets).Therearefive Higgsparticlesin themodel(h, H, A andH � ), whereh
andH indicatea light (heavy) neutralHiggsandA aneutralpseudoscalar. In thismodel
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TABLE 1. D0 searchfor chargino in trileptonchannels.l indicatesanhigh PT isolatedtrack.

eel µµ l µµ � eµ l µτ l eτ l

Expec.back. 0 � 21 � 0 � 12 1 � 75 � 0 � 57 0 � 66 � 0 � 37 0 � 31 � 0 � 13 0 � 36 � 0 � 13 0 � 58 � 0 � 14
Obs. 0 2 1 0 1 0

� Samesignmuons.
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FIGURE 3. D0 limit for charginomassfrom trileptonssearches.

thebranchingfractionfor H ) τ τ channelcanbeaslargeas 
 8 %. CDF developeda
τ identificationalgorithmwhichyieldedanH ) τ τ globalefficiency of about0 � 5%for
the τlτh decaychannelwherel indicatesan e or µ. Exploiting its datasetof 310pb� 1

CDF searchedfor the h(or H) andA particle (producedby gg or qq) decayinginto τ
pairs.They found236eventswhere263* 30.1werepredicted[5]. Thenegativesearch
is translatedinto a limit setwithin the framework of the MSSM (seefig. 2)). With 1
fb � 1 or more,CDF expectsto beableto exploretheregiondown to tanβ 
 30 � 40 for
mA � 120GeV 	 c2 asshown in fig. 2.

Chargino and neutralino searches

Exploiting the large productioncrosssectionfor chargino andneutralinoassociated
production,bothexperimentsperformedseveralsearches.Thegoldenchannelis theone
in which therearethreecharged leptonsin the final states,associatedto the presence
of largemissingET (signatureof theLSPescapingdetection).Thelow backgroundand
easytriggeringon this channelis somewhatbalancedby theneedfor goodacceptance.

D0 searchedinto six differentchannels(seetab. 1) in 320 pb� 1. SM backgroundis
different from channelto channel,mostly due to misendifiedleptonsand to diboson
production.The negative result (4 eventsobserved where3.85* 0.75 areexpected)is
convertedinto limits in theframework of a specificmSUGRAscenario(light sleptons,
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low m0) andyield a limit for Mχ 4 � 117GeV/c2 (seefig. 3)
In GaugeMediatedSUSYBreaking(GMSB)models,gravitino becomestheLSPand

neutralinobecomesthe next LSP (NSLP).Thereforeneutralinodecaysinto gravitino-
γ. For shortneutralinolifetimes the experimentalsignatureis a final statewith 2 high
ET γ andMET. CDF searched200pb� 1 for eventswith MET � 45 GeV and2 γs with
ET � 13GeV, D0 looked into 263 pb� 1 for eventswith MET � 40 GeV and2γ with
ET � 20 GeV. Both searchesgave a negative result,andthe combinedlimit is setat a
charginomassof 209GeV/c2 (seefig. 4) [6].

Gluino and Squarks

Decaysof g̃ andq̃ at theTevatronproducemultijet eventswith missingenergy. Both
experimentslookedfor eventswith suchtopologies.D0searchfor g̃ andq̃ wasoptimized
as different regions of the g̃ � q̃ massplanewere explored by using three different
subsamplesdividedaccordingto thenumberof jetsandusingHT cut to reducemultijet
background.Di-jet events(HT � 250GeVandMET � 175GeV)wereselectedto search
in the region mg̃ 5 mq̃. Threejet eventswith HT � 325 GeV andMET � 100 GeV to
covertheregionmq̃ 6 mg̃ andfinally four jet events(HT � 250GeV, MET � 75GeV) to
covertheregionmq̃ 7 mg̃. After optimizingtheselectionto reducemultijet background,
thefinal resultsarethefollowing:12eventsfoundwhere12� 8 * 5 � 4 areexpectedin dijet
sample,5 eventsfound in threejet samplewhere6 � 1 * 3 � 1 areexpectedand10 events
found where7 � 1 * 0 � 9 areexpectedin four jet sample.Limits are thensetwithin the
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FIGURE 5. Gluino-squarkmasslimit form D0 searches

mSUGRAmodelfor thescenario:tanβ E 3, A0 E 0, µ F 0 (seefig. 5).
If third generations̃q are involved, specificfinal stateswith heavy flavours canbe

favoured.Exploitingsamplesenrichedin b-jet, limits onthescalarpartnerof theb quark
(b̃) weresetby bothexperiments.CDF searchedfor g̃ G b̃ decayswith b̃ G b H LSP in
156pbI 1 of data.Thesearch,performedlookingfor afinal statewith MET andfour jets
(two of thempositively identifiedascontainingb quarkdebris),gave a negative result.
The correspondingexclusionplot is shown in fig. 6. D0 searchedfor signalsof direct
productionof sbottompairsdecayinginto b andneutralinos.Usingb-taggingto improve
S/B ratio they areleft (in 310 pbI 1) with eventsconsistentwith SM expectationsand
excludedsbottommassesup to J 200GeV/c2 for neutralinomassesup to 80 GeV/c2.

SUSY indirect searches

A very importantway to testfor SUSYis to look at effectson SM processesdueto
SUSY contributions.A promisingchannelis Bs K d G µµ asBs (andBd) arecopiously

producedat the Tevatron. SM branchingfraction (BF) is L 3 M 5 N 0 M 9OQP 10I 9 but, in
SUSY models,canbe enhancedby several orderof magnitudesfor large tanβ . CDF
andD0 searchedin 364and300pbI 1 of data.CDFset90(95)% C.L. limit to BF L Bs G
µµ ORF 1 M 5 L 2OSP 10I 7 andBF L Bd G µµ OTF 3 M 8 L 4 M 9OUP 10I 8 (betterthanBaBarlimit of
8 P 10I 8). D0 limit at 90 % C.L. is BF L Bs G µµ OTF 4 M 1 P 10I 7 which,combinedwith
CDF result,yield a Tevatronlimit of 1 M 2 P 10I 7 at 90 % C.L. Thoseresultsseta strong
limit onMSSM inspiredSUSYmodels[7].

Searchesfor New Physicsat Colliders September16,2005 6



]2c/
V

GeVMass of the Gluino [
180 200 220 240 260 280

]2 c/W

G
eV

S
bo

tto
m

 m
as

s 
[

120

140

160

180

200

220

240

260

CDF Run II excluded
X

CDF Run I excluded

 kinematically fo
rbidden

1b
~

 b→ g
Y~

FIGURE 6. CDF limit on g̃ Z b̃ decays.

RPV SUSY

In someSUSY theoriesquantityR is not conserved, that implies that MET (dueto
escapingLSP) is not a typical signature.The relevant parameteris representedby the
couplingsamonggenerations.Searchesfor RPV SUSYtake placeat boththeTevatron
andHERA. At the TevatronCDF searched,without success,for sneutrinoproduction
andsetlimit to mν̃ [ 205GeV/c2 for thecouplingλ311 E 0 M 01.ZEUSandH1 setlimits
to t̃ production.In fig. 7 youseethatfor λ J 0 M 01 Mt̃ [ 260GeV/c2 at95 % C.L.

LIVING ON A BRANE

In recentyears,a new paradigmfor thephysicsBeyond theStandardModel emerged.
It is linkedto thediscovery that,givencurrenttheoreticalandexperimentalconstraints,
thereis room for large extra-dimensions.Thebasicideais thatparticlesarenot point-
like objects,but ratherextendedstrings.The main interestof this classof theoriesis
that they look like a very promisingway to quantizegravity. Indeedthe weaknessof
gravitation in our world is explainedasbeingthe remnant(in standard3+1 D world)
of a strongerinteractionwhich propagatesinto the extra (hidden)dimensionswhich
are then compactified.Thereare several options for the mechanismto work. In the
Arkani-Hamed,Dimopolous,Dvali (ADD) theorythe relevant parameteris the string
scaleMs which relatesthe Planckscaleto the compatictificationradius.In Randall-
Sundrumtheoriesthe gravity is localizedin the Extra Dimensions(which are highly
warped)andthe relevant parametersarethe compactificationradiusandthe curvature
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TABLE 2. D0 combined(RunI-II) limits for largeextradimensions.

GRW Hewett HLZ, n=2 HLZ, n=3 HLZ, n=4

ee e γγ 1 f 43 1 f 28 1 f 67 1 f 70 1 f 43
µµ 1 f 09 0 f 97 1 f 00 1 f 29 1 f 09

scalethaterelatethe Planckscaleto the TeV scale.As eachparticleis seenaspart of
a tower of Kaluza-Kleinexcitations,themainphenomenologicaleffect is theexistence
of suchstates.At the Tevatronboth direct searchesfor gravitons (RS model)aswell
asindirect searchesof effectson SM processes(ADD model)wereperformed.In the
latter category, CDF andD0 searchedfor modificationto ee, µµ, γγ productiondue
to graviton exchange.D0 searchedin its databy studyingits doubledifferentialcross
section:

d2σ
dMd cosθ g E fSM H fintηG H fKKηG

2

The effect of the existenceof extra-dimensionsis parametrized(using f andηG) ac-
cordingto differenttheoreticalassumption.Datais consistentwith SM expectationsand
limits aresetin differentscenarions.In table2 weshow asummaryof theresultsin var-
iouschannelsaccordingto severaltheoreticaloptions(Giudice-Rattazzi-Wells,Hewett,
Han-Lykken-Zhang)

In direct searches,both experimentslooked for signal of direct productionof the
Randall-Sundrumgraviton (aspin2 particle)in γγ anddilepton(e andµ) samples.CDF
analized345pbI 1 of dataandD0 lookedat J 250pbI 1 of data.Resultsareconsistent
with SM expectationsandlimits areset.Thestrongestconstraintis obtainedby D0 that,
for k h MPl E 0 M 1 L 0 M 01O seta95 % C.L. limit of MG [ 785L 250O GeV/c2 (fig. 8).
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SEARCHING IN THE DILEPTON SAMPLE

The dilepton channelshave been through investigatedby both experimentsas any
deviation from SM would easilysignalnew physics.Themeasuredquantityis σ P BF ,
and negative findings can be interpretedas limits for physical statesby selectinga
specifictheoreticalmodel.Indeed,while theacceptancehasstrongdependencemainly
from the spin of the motherparticle, an important role is playedby the (unknown)
couplings.CDF recentltypresenteda preliminary analysisof datain the ee channel.
In fig. 9 the searchregion (Mee [ 200 GeV/c2) is shown. No visible excessover SM
expectationsis seenin 448pbI 1. In orderto convertnegativefindingsinto limits, model-
specificcalculationsareperformed.Also, a standardway to estimatethesensitivity to a
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TABLE 3. Limit for a sequentialZ. CDF limits for E6 Z ~ refer to
ee andµµ channelcombinedusing200pb� 1.

SM(ee) SM(µµ) SM(τ τ ) ZI Zχ Zψ Zη

CDF 845 735 394 610 670 690 715
D0 780 680 - 575 640 650 680

Z-like particleis to assumeSM couplings.TheCDF resultin 448pbI 1 convertsinto a
limit onSM-likeZ � , MZ � [ 845at95% C.L. In table3 weshow thesummaryof searches
in differentdecaychannels.

D0 alsoanalizedits dileptonsamples(ee andµµ) looking for effectsdueto preons,
theputativeelementaryconstituentsof quarksandleptons.Theeffectsareparametrized
in terms of Λ, the compositnessscale.As for the LED case,the searchcompared
the spectruminvariant massand scatteringangleof datawith SM expectations.The
parametrizationusedis:

d2σ
dMd cosθ g E fSM H I

Λ2 H
C
Λ4

where I and C are input from theory and express the possibility of construc-
tive/destructiveinterference.Thenegativeresultis usedto setlimits on thefundamental
scaleΛ. Limit is Λ [ 3 M 6 L 9 M 1O TeV for constructive(destructive) interferencein the
electronchannelin 271pbI 1. In themuonchannel,using400pbI 1 thelimit is stronger
andsetto Λ [ 4 M 2 L 9 M 8O TeV for constructive(destructive) interference.

LEPTOQUARKS

Thefermionicsectorof theSM canbesymmetrizedby theintroductionof still unknown
particles-LeptoQuarks(LQ)- carryingbothbarionicandleptonicnumbersandcoupling
to both quarksand leptons.Relevant parametersfor the theoryare the couplings,λi j
andthedecaysbranchingfractions,whichareorderedaccordingto theBF into charged
leptons(β) which canvarybetween1 and0.

At HERA first generationLQs canbe producedin resonantprocess.Both H1 and
ZEUSsearchedfor signalsof LQ productionin their CC andNC samples.No signalis
foundandlimits areset.Dueto thewayLQsareproducedthoselimits area functionof
theLQ massandof the couplings.In fig. 10 we show the resultfrom H1 which, for a
couplingstrengthJ 0 M 3 is MLQ [ 290GeV/c2.

At the Tevatron both experimentssearchedfor scalarLQs in all generations.As
LQs arepair-produced,the actualmeasurementcanbe oneof the following: σ P β2,
2 P σβ L 1 � β O ,σ P�L 1 � β O 2, dependinguponthe BF into charged leptons.The latter
channelhasa final stateof two jetsandMET andtheanalysisperformedis generation-
independent.CDFreportanegativeresultin thischannelandsetalimit, using191pbI 1,
to MLQ [ 117GeV/c2. More interestingarethe resultsfor first andsecondgeneration
LQ. In thosecasesboth experimentsanalizedtheir samplesll j j, lν j j, νν j j where
l E e,µ. CDF reportsa negative result and set limits, for β E 1 to MLQ [ 235L 224O
Searchesfor New Physicsat Colliders September16,2005 10
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GeV/c2 for 1st (2nd) generationLQ in 200pbI 1. D0 combinesits negativeresultsin 250
pbI 1 (1st) and294pbI 1 (2nd) generationwith RunI resultsandsetlimits for β E 1 to
MLQ [ 256L 251O GeV/c2 for 1st(2nd) generationLQ (seefig. 11,12).

CDF searchedfor directproductionof 3rd generationLQ in an analysiswhich also
setlimits on RPV SUSY stopproduction.As 4 M 8 N 0 M 7 eventsarefound in 200 pbI 1,
where5 areexpecteda limit is setMLQ [ 129GeV/c2.
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CONCLUSION

A numberof searchesfor signalsof physicsbeyond the SM areongoing.While their
currentfindings do not supportevidenceof suchprocesses,a very exciting period is
aheadof us.Theexpectationsof CDF andD0 to collect4 to 8 fb � 1 perexperimentby
2009,aswell asthe LHC startup,indicatethat within a few yearseitherwe will have
seensignalof non-SMphysics,or anumberof theorieswill bedisproved.
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